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Abstract

A substantial percentage of global timber grows on challenging and steep terrain. This resource 
can be accessed with cable yarders or traction-assisted forwarders. When choosing which 
harvesting solution to employ for a particular logging job, its energy efficiency should also be 
considered, given the ever-rising energy cost. This theoretical study develops analytical mod-
els to determine and compare the fuel consumption of a cable yarder and a traction-assisted 
forwarder used for uphill extraction. Simulation results indicate that forwarding requires on 
average 69% more fuel per unit of transported payload across a range of work conditions (e.g. 
distance, slope gradient, payload size) and at least 47% more fuel under all simulated condi-
tions. The efficiency advantage of cable yarding could be boosted further by transporting 
heavier loads. In cable yarding, a significant portion of fuel is consumed during standstill, 
when the engine runs idle or at low efficiency for extended periods of time. In forwarding, 
loading and unloading are particularly energy intensive. While cable yarders could greatly 
benefit from electrification, forwarders may see lower efficiency gains due to the challenges in 
electrifying linear hydraulic actuators in a cost-effective and robust manner.
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1. Introduction
Winches have been used for traction assistance for 

a long time, as witnessed by the over half-million 
GMC trucks deployed by the US Army and its allies 
between 1940 and 1945; the largest majority of those 
trucks sported a solid winch bolted to their chassis and 
used for assisting traction when negotiating soft or 
steep terrain (Jackson 2019). That solution was so suc-
cessful as to be generalized on a wide variety of mili-
tary vehicles (e.g. Dodge, Studebaker, M2 and M3 
half-tracks etc.). Still today, many modern off-road 
vehicles are fitted with a frontal recovery winch when 
used in heavy-duty applications or competitive sports. 
In fact, the widespread use of military surplus in post-
war logging suggests that the practice of winching 
logs to the roadside began as an improvised solution 
sparked by the availability of those winches and was 
not derived from a deliberate plan to replace the tra-
ditional draught horse with a compact traction aid 
(Felt 2002).

Loggers have been using their forestry winches as 
a makeshift solution to improve the mobility of other 
vehicles pushed far beyond their mobility limits in 

countless and hazardous makeshift solutions; hence, 
winch-assisted traction »per se« is not really a new con-
cept and must have been known to loggers already 70 
years ago. Better designed (and safer) traction assis-
tance solutions have also been proposed for use in in-
dustrial logging several times in the past. The very first 
scientific studies come from North America (Mc Ken-
zie and Richardson 1978, Gao and Hartsough 1988), 
where the concept eventually developed into a com-
mercial product – a feller buncher – which was exten-
sively used in the Pacific Northwest (Hemphill 1991). 
That same idea was introduced to Europe more than a 
decade later (Bombosch et al. 2003), but both the North 
American and the European realizations remained 
niche applications until winch-assist technology was 
adopted by the New Zealand forest industries.

The enterprising attitude of local operators com-
bined with the uniquely favorable work conditions of 
New Zealand forestry led to a rapid development of 
winch-assist technology, which expanded far beyond 
the narrow confines of a specialty application. A cru-
cial contributor to the success of winch-assist technol-
ogy was the need of tackling an increasingly larger 
proportion of steep sites, while improving workplace 
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safety through mechanization (Raymond 2018). The 
obvious answer to such challenge was to place people 
inside a machine and make that machine capable of 
negotiating slopes once considered unpassable. The 
New Zealand forest industry decided to overcome 
that challenge and acted with exemplary resolve: with-
in few years, winch-assist solutions had multiplied, 
becoming both effective and widespread. NZ winch-
assist technology is now widely exported, and it has 
inspired similar technology solutions abroad (Holz-
feind et al. 2020, Visser and Stampfer 2015).

In Europe, the potential of winch-assist technology 
was quickly noticed by the manufacturers of cut-to-
length (CTL) equipment, bent on extending the terrain 
capability of their products. The interests of manufac-
tures and operators were fully aligned: the former 
wanted to expand their sales, the latter increase the 
utilization of their equipment. Today, winch-assisted 
harvesters and forwarders are becoming common-
place in the European mountain, and their numbers 
are growing. That represents a significant deviation 
from the original New Zealand developments, which 
aimed at increasing the terrain capability of felling and 
bunching machines, tasked with facilitating cable ex-
traction. Intent on improving the gradeability of their 
forwarders, Europeans have turned winch assistance 
into traction assistance: the winch is not only used to 
stabilize the machine while working (e.g. felling), but 
it also serves to increase its mobility when negotiating 
steep slopes. That allows ground-based extraction 
equipment to expand over the ground once occupied 
by cable yarders and compete against them. In that 
regard, the question arises about where is the break-
even between the two technologies. A first step in try-
ing to answer that question consists in determining 
which is the most efficient under any given conditions, 
with simple physics as the starting point.

Cable extraction with tower yarders and forwarder 
extraction with or without traction-assist share many 
communalities but also differ in a few key aspects. In 
general, both systems operate in a cyclic manner. That 
is, the equipment moves to the felling site, picks up its 
payload via a winch or a loader and carries it to the 
landing area, where it unloads it. Then the cycle is 
repeated. In the case of forwarder extraction, the 
whole carrier drives back and forth between the felling 
site and the unloading area. In the case of cable extrac-
tion, most of the equipment stands still, with only a 
comparably light carriage moving back and forth be-
tween the loading and the unloading sites. The fact 
that cable extraction operates with only a fraction of 
the total equipment mass in motion suggests that it 
may be more efficient than forwarder extraction. For-

warder extraction on the other hand allows for a much 
higher payload per cycle. Also, there are no cables in 
motion with forwarder extraction, except for the trac-
tion-assist option. It is therefore not immediately clear 
which extraction system is more efficient in terms of 
fuel consumption per transported payload. A further 
difference is that the forwarder picks up the logs from 
small stacks and unloads them onto larger stacks, with 
a significant concentration effect. In turn, the yarder 
normally picks up scattered logs and unloads them 
onto a large pile, with a similar concentration effect, 
but not exactly in the same form. All things consid-
ered, both systems achieve comparable load concen-
tration levels, although the form and size of the accu-
mulations before and after extraction are different.

Therefore, the goal of this paper is to offer a first 
theoretical estimate of energy and fuel efficiency for a 
cable yarder and a traction-assisted forwarder, tasked 
with uphill extraction under a range of terrain condi-
tions. The null hypothesis is that of no significant dif-
ference in the energy and fuel efficiency of a traction-
assisted forwarder and a cable yarder. The study is a 
detailed desktop exercise, designed to draw a baseline 
for the tests that will eventually follow. We believe that 
a hard look into the physics of the two extraction prin-
ciples can direct future research and make it more ef-
ficient and useful. The advantage of this exercise is that 
we can model operationally comparable options, 
which are quite difficult and expensive to recreate in 
a real-life experimental study.

2. Materials and Methods

2.1 Model Principles
The models developed in this work rely on basic 

physical principles, such as the change of potential 
energy of masses incurred when they are moved be-
tween positions with different elevations, frictional 
losses caused by contact forces between moving ob-
jects, as well as the common efficiency and consump-
tion losses of drivetrains and combustion engines, 
respectively.

Models specifically assess the energy need for a 
complete transport cycle. The result is then converted 
to equivalent energy need and fuel consumption per 
unit of transported payload. The objective is to con-
duct a fair comparison under the same simulated 
work conditions, while keeping the total number of 
input variables within manageable limits, to the ben-
efit of transparency. All major factors contributing to 
energy consumption are included, while the models 
are kept as simple as possible. The models do not in-
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clude any dynamic factors but consider exclusively the 
energy components corresponding to the different 
work phases. This way it is straightforward to set pa-
rameters for a wide array of setups and work condi-
tions, enabling the widespread use of these models. 
Table 1 provides the full set of input parameters for 
each of the systems, including nominal/reference val-
ues extracted from previous studies. The source of the 
data is also indicated in the table. Furthermore, sensi-
tivity analyses were conducted by varying extraction 
distance, slope gradient and payload mass, in order to 
explore the impact of work conditions on the energy 

and fuel efficiency of cable extraction and forwarder 
extraction. Equipment-specific parameters were kept 
constant throughout those simulations.

2.2 Models for Cable Extraction
The reference parameters for the cable extraction 

system in Table 1 correspond to the setup described 
by Varch et al. (2021) and are based on a MOUNTY 
4000 truck-mounted tower yarder (Mercedes Benz 
Arocs AK3342 6 × 6 truck) equipped with a E-LINER 
5000 slack-pulling carriage, both manufactured by 
Konrad Forsttechnik GmbH. The carriage does not 

Table 1 Input variables for the models

Variable Cableway Forwarder Unit Source Description

mm 700 15000 kg Varch et al. 2021, Holzfeind et 
al. 2018 Carriage / forwarder weight

mw – 2300 kg Holzfeind et al. 2018 Weight traction winch, including cable

mc 0.64 0.94 kg/m Holzfeind et al. 2018 Specific mass mainline / traction cable

mp 1305 8400 kg Varch et al. 2021, Holzfeind et 
al. 2018 Payload mass

g 9.81 9.81 m/s2 – Gravitational acceleration

fw – 50 kN A common value in Holzfeind 
et al. 2019 Force of traction winch

D 110 111 m Varch et al. 2021, Holzfeind et 
al. 2018 Cableway extraction / ground (driven) distance

a
50.1

(26.6)
50.1

(26.6)
%
(°)

Varch et al. 2021, Holzfeind et 
al. 2018 Average skyline / terrain slope

η 0.15 0.15 %/100
Based on common efficiencies:
hydraulics – 60%, engine – 25%

Fuel to winch drum / wheel hub drive efficien-
cy. A Diesel engine running at 25 % efficiency 
consumes about 338.2 g/kWh of fuel (ASABE 

Standards 2012)
h 10 – m – Skyline height (payload suspension height)

d 10 – m – Mean lateral yarding distance

μlv 0.85 – –
An average value of data 

reported in
Oh and Cha 2001

Friction coefficient between logs and ground 
during lateral yarding (skidding coefficient)

Qfnl 4 4 l/h Assumption No-load fuel consumption (moving downhill, 
lowering the load)

gDiesel 38.6 · 106 J/l IOR Energy 2024 Specific energy density of Diesel

tl 3.5 18 min Varch et al. 2021, Holzfeind et 
al. 2018

Total delays and time to hook and unhook / 
load and unload the payload, per haul

tr 2 6.6 min Varch et al. 2021, Holzfeind et 
al. 2018

Time to return the carriage / forwarder to the 
felling site

Qftl – 11.7 l/h
Average of data reported in

Manner et al. 2016
Fuel consumption during loading and 

unloading phase

dp 900 kg/m3 Common practice Density of the payload (timber)
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require its own energy supply and its slack-pulling 
device uses an electric motor powered by a superca-
pacitor, which is charged by retarding mainline cable 
movement during lateral yarding. The total energy 
consumption of a complete cable extraction cycle is 
therefore well approximated by summing the follow-
ing energy consumption terms of the yarder:
Ely – energy consumption for lateral yarding, Ws
Eps – �energy consumption for payload suspension, Ws
Eih – energy consumption for inhauling, Ws
Eid – �energy consumption during standstill and low 

power phases (such as out-hauling), Ws.
It is challenging to characterize highly dynamic and 

volatile work processes such as load breakout. For that 
reason, only lateral yarding is explicitly modeled in Eq. 
1, which considers both the masses of the payload (mp) 
and of the mainline cable (mc). The payload is yarded 
perpendicular to the cable corridor for a distance (d) 
and subjected to friction coefficient (µly). Part of the 
mainline cable (h) is vertically suspended, while an-
other portion (D) moves uphill in parallel to the slope 
(a) of the terrain. The lateral yarding efficiency and 
gravitational acceleration are respectively denoted by η 
and g.

	 E
m m D h g d

ly
p ly c=
⋅ + ⋅ ⋅ +  ⋅ ⋅m a

h

( sin( ) )
	 (1)

Eq. 2 describes the energy consumption for pay-
load suspension, considering both the mass of the pay-
load (mp) and the average mass of mainline cable in 
motion mc (D sin(?) + h/2) during that work phase.

	 E
m m D h g d

ps

p c
=

+ ⋅ ⋅ +




⋅ ⋅( sin( ) )a

h
2 	 (2)

Eq. 3 describes the energy consumption during in-
hauling by computing the total change of potential 
energy of the carriage (mm), payload (mp) and mainline 
cable (mc D/2), with the medium length of mainline 
cable in motion during this phase being D/2.

	 E
m m m D g d

ih

m p c
=

+ + ⋅




⋅ ⋅ ⋅

2
) sin( )a

h
	 (3)

All remaining work phases (machine standstill 
during choker setting and unloading as well as low 
power phases when lowering the hook, lifting the 
empty hook or outhauling downhill) are considered 
via a corresponding no-load fuel consumption rate 
(Qfnl) and work phase duration (tl, tr) in Eq. 4. Since 
these work phases constitute a major portion of the 

overall cycle time, energy consumption is expected to 
play a significant role in determining overall energy 
efficiency, despite low specific fuel consumption.

	 E Qf t t
id nl Disel

r= ⋅ ⋅
⋅

g 1
60

	 (4)

The total energy need (kWh) and fuel consumption 
(l) for one complete transport cycle are thus given in 
Eq. 5 and Eq. 6, respectively.

	 E
E E E E

cycle-yar
ly ps ih id=
+ + +

⋅3 6 106.
	 (5)

	 V
E

cycle-yar
cycle-yar

Disel
=

⋅ ⋅3 6 106.
g

	 (6)

From the energy consumption of a complete ex-
traction cycle and the density of the payload follow the 
specific energy consumption (kWh/m3) and the spe-
cific fuel consumption (l/m3) as follows (Eq. 7, Eq. 8):

	 E E
d
msp-yar cycle-yar
p

p
= ⋅ 	 (7)

	 V
E

sp-yar
sp-yar

Disel
=

⋅ ⋅3 6 106.
g

	 (8)

2.3 Models for Traction-Assisted Forwarding
The reference parameters of this study – also pre-

sented in Table 1 – were borrowed from the study by 
Holzfeind et al. (2018) and refer to a JOHN DEERE 
1110E forwarder equipped with a HAAS Highgrade 
traction winch. The total energy consumption incurred 
for the complete work cycle of such equipment is ap-
proximated by summing the following energy con-
sumption items:
Eih-W 	– �energy consumption of the winch during in-

hauling, Ws
Eih-tr 	 – �energy consumption of forwarder traction dur-

ing inhauling, Ws
Eid 	 – �energy consumption during low power phases 

such as out-hauling (downhill), Ws
El 	 – �energy consumption for loading and unload-

ing, Ws.
The energy consumption of the winch system dur-

ing inhauling is given in Eq. 9. It is assumed that the 
winch system does not consume energy during all 
other phases: when the empty forwarder moves 
downhill and at standstill, the winch drive is not en-
gaged in a way that requires the hydraulic pumps to 
build retarding or holding pressure.
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	 E f D
ih-W

w=
⋅

h
		  (9)

Eq. 10 models the energy consumption for traction 
during inhauling. The force of gravity along the slope 
of all involved masses (mm, mw, mp) is decreased by the 
winch force. The remaining traction force has to be 
delivered by the forwarder hub drives.

E
m m m g f D

ih-tr
m w p w=
+ + ⋅ ⋅ −  ⋅( ) sin( )a

h
	 (10)

In general,

	 ( ) sin( )m m m g fm w p w+ + ⋅ ⋅ >a 	 (11)

so that Eih-tr is positive. In plain terms this means that 
the winch force alone would generally not be enough 
to move the loaded forwarder uphill. If the parameters 
are chosen so that condition (11) is not met, Eih-tr should 
be set to zero. It is clear by observation that an increase 
of fw leads to an increase of Eih-W and an equivalent 
decrease of Eih-tr, and vice-versa. This means that since 
the efficiency is assumed to be the same for both the 
winch system and for forwarder traction, fw has no 
impact on the overall energy and fuel consumption.

The energy consumption during low power phas-
es and during loading and unloading are given in Eq. 
12 and Eq. 13, respectively.

	 E Qf t
id nl Disel

r= ⋅ ⋅g
60

	 (12)

	 E Qf t
l tl Disel

1= ⋅ ⋅g
60 	 (13)

The energy consumption to overcome rolling drag 
and slip losses is not included in this study. Rolling drag 
is associated with wheel and ground deformation. 
Eight wide forwarder wheels, frequently complement-
ed by traction chains or bogie tracks, are often employed 
to maximize the ground contact surface area and to 
minimize this effect. A drawback is that they add sev-
eral hundreds of kg per track to the tare weight. Despite 
tracks, rolling drag may be a significant factor in wet 
and swampy terrain. Slip losses should not be a major 
factor especially in traction-assisted forwarder projects. 
Thus, the total energy need (kWh) and fuel consump-
tion (l) for one complete transport cycle are given in Eq. 
14 and Eq. 15, respectively.

E E E E E
cycle-for

ih-W ih-tr id l=
+ + +

⋅3 6 106.
	 (14)

	 V E E E E
cycle-for

ih-W ih-tr id l

Disel
=

+ + +
g

	 (15)

Using the energy consumption of a complete ex-
traction cycle and the density of the payload, the spe-
cific energy consumption (kWh/m3) and the specific 
fuel consumption (l/m3) can be calculated as follows 
(Eq. 16, Eq. 17):

	 E E
d
msp-for cycle-for
p

p
= ⋅ 	 (16)

	 V
E

sp-for
sp-for

Disel
=

⋅ ⋅3 6 106.
g

	 (17)

2.4 Total Transport Efficiency
The theoretical minimum energy required (kWh/

m3) for (uphill) extraction could be defined as the net 
change of potential energy of the payload during the 
yarding process. That is:

	 E
m g D

theoretical
p=
⋅ ⋅ ⋅

⋅

sin( )
.

a

3 6 106
	 (18)

The result of Eq. 18 is a theoretical value, which 
offers an insight into the total transport efficiency of 
cable extraction and forwarder extraction, computed 
with the help of Eq. 19 and Eq. 20, respectively.

	 htot-yar
theoretical

sp-yar
=

E
E

	 (19)

	 htot-for
theoretical

sp-for
=

E
E

		 (20)

These results indicate what is the fraction of the 
energy contained in the Diesel fuel that is converted 
to mechanical work and used to change the potential 
energy of the payload (in the case of uphill extraction). 
Given that the conversion efficiency of Diesel-hydrau-
lic drivetrain is about 15%, this value should only be a 
few percent points.

3. Results

3.1 General
The analytical models developed in the previous 

section are implemented into Excel. The results of all 
equations based on the default data listed in Table 1 
are shown in Table 2.
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Cable extraction uses 40% less energy to move 1 m3 
of wood over the same 110 m distance, compared to 
forwarder extraction. Loading and unloading present 
the highest energy demand in forwarder extraction, 
whereas standstill and low power phases consume a 
considerable portion of the energy in cable extraction. 
In contrast, energy drain is relatively small during in-
hauling, despite it being performed uphill, against 
gravity. As the load is moved uphill, its potential en-
ergy increases by 0.121 kWh/m3, which is the theo-
retical minimum energy required to complete the 
transport task. To achieve such an increase, cable ex-
traction uses 4.3 kWh/m3 (total transport efficiency of 
2.8%), while forwarder extraction uses 7.1 kWh/m3 
(total transport efficiency of 1.6%).

However, those results are only true for the spe-
cific distance, slope and payload assumed for the 

Table 2 Results for cable yarding and traction-assisted forwarding based on default data

Cable extraction Traction-assisted forwarder extraction

Result Equation Result Equation
Ely = 0.75 MWs (1) Eih-W = 37.0 MWs (9)
Eps = 0.88 MWs (2) Eih-tr = 46.5 MWs (10)
Eih = 6.57 MWs (3) Eid = 17.0 MWs (12)
Eid = 14.15 MWs (4) El = 139.0 MWs (13)
Ecycle-yar = 6.2 kWh (5) Ecycle-for = 66.5 kWh (14)
Vcycle-yar = 0.6 l (6) Vcycle-for = 6.2 l (15)

Esp-yar = 4.3 kWh/m3 (7) Esp-for = 7.1 kWh/m3 (16)
Vsp-yar = 0.40 l/m3 (8) Vsp-for = 0.66 l/m3 (17)

Fig. 1 Fuel consumption as a function of extraction distance

Fig. 2 Fuel consumption breakdown as a function of extraction distance for forwarder extraction (a) and cable extraction (b)
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simulation. Energy efficiency is likely to change as 
those factors change: hence the interest in conducting 
a proper sensitivity analysis.

3.2 Sensitivity to Extraction Distance
Extraction distance (D) was varied from 50% to 

300% of the nominal value of 110 m, that is from 55 m 
to 330 m. The maximum distance was defined by the 
capacity of forwarder extraction, which is limited by 
winch cable length. Fig. 1 shows the fuel consumption 
of cable extraction and forwarder extraction as a func-
tion of D, whereas Fig. 2 depicts the breakdown of the 

fuel consumption as a function of D among individu-
al work-phases for cable extraction and forwarder ex-
traction. Compared with cable extraction, forwarder 
extraction uses 70% more fuel per m3 at the shortest 
distance, and 80% at the longest one. In cable extrac-
tion, loading and unloading represent the largest en-
ergy drain, especially when extraction distance is 
short. For an extraction distance of about 230 m, the 
fuel consumption incurred by inhauling equals the 
cumulative consumption incurred during the low 
power work phases. The fuel used for lateral yarding 
and load lifting represents a negligible proportion of 
overall consumption. In forwarder extraction, loading 
and unloading represent up to 70% of total fuel con-
sumption. As the extraction distance increases, both 
the consumption for forwarder traction and winch 
pull increase proportionally, so that the contribution 
of loading and unloading drops to about 40% at the 
extraction distance of 250 m. Low power phases in 
forwarder extraction are comparably short and con-
sume little fuel.

3.3 Sensitivity to Slope Gradient
Figs. 3 and 4 provide results for the same response 

variables as Fig. 1 and 2, but this time as a function of 
variable slope gradients. For the purpose of the sensi-
tivity analysis, the default slope gradient of 50.1% 
(26.6°) is varied from 23.6% (13.3°) to 133.7% (53.2°), 
which constitutes a range of 50% to 200% of the base-
line slope, respectively. In the case of forwarder extrac-
tion, terrain slope only affects the inhauling phase, 
while in the case of cable extraction it also has a small 

Fig. 3 Fuel consumption as a function of slope gradient

Fig. 4 Fuel consumption breakdown as a function of slope gradient for forwarder extraction (a) and cable extraction (b)



S. Leitner et al.	 Energy Efficiency of a Traction-Assisted Forwarder vs. a Cable Yarder (xxx–xxx)

8	 Croat. j. for. eng. 47(2026)2

effect on the lateral yarding and loading phases, due 
to the moving mainline. In general, increases of slope 
gradient or of extraction distance have the same effect 
on energy consumption. The discussion provided for 
the sensitivity analysis on extraction distance therefore 
also applies to this section.

3.4 Sensitivity to Payload Mass
Payload mass was varied from 10% to 150% of the 

default values of 1305 kg and 8400 kg for cable extrac-
tion and forwarder extraction, respectively. To pro-
vide a direct comparison for the fuel consumption of 

cable extraction and forwarder extraction, the horizon-
tal axis of Fig. 4 represents the percent variation of 
payload mass from the default value – not the absolute 
value. Both extraction solutions benefit from maximiz-
ing payload mass. By increasing payload mass, tare 
weight becomes less and less relevant, reducing the 
specific consumption per payload mass. Consumption 
in cable extraction decreases by about 37% if the pay-
load increases to 150% of the nominal value. Forward-
er extraction achieves a saving of 44% under the same 
conditions. Given a sufficiently strong setup, the cable 
extraction equipment considered in the present study 
could cope with a 50% payload increase; in contrast, 
the forwarder may lack the structural strength and/or 
the storage space to accommodate it safely. That indi-
cates that maximizing payload capacity is more im-
portant for cable extraction than for forwarder extrac-
tion, or simply that users tend to underutilize the 
payload capacity of cable extraction more than they 
do with forwarder extraction. In fact, underutilization 
of payload capacity might also depend on piece size; 
when piece size is very small it may be difficult to ac-
cumulate a large enough payload, and that difficulty 
is higher with cable extraction because the number of 
choker slings that can be connected to the mainline 
faces obvious technical limitations.

The breakdown of fuel consumption among indi-
vidual work phases reacts to changes in payload size 
in the same way as it does to changes in extraction 
distance or slope gradient (Fig. 5). Payload increases 
reduce the impact of low power phases but increase 
consumption during payload suspension and inhaul-

Fig. 5 Fuel consumption as a function of payload mass

Fig. 6 Fuel consumption breakdown as a function of payload mass for forwarder extraction (a) and cable extraction (b)
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ing for cable extraction. They should also have an im-
pact on loading and unloading in forwarder extrac-
tion; however, current models (Eq. 13) are based 
solely on a fuel flow rate and a duration, so that this 
effect does not appear in the results.

4. Discussion
The data and models presented in the materials 

and methods section clearly describe all the informa-
tion and equations used for estimating energy con-
sumption. Small simplifications have been made to 
make the data comparable and usable. The quality of 
the results heavily depends on the quality of the input 
assumptions, and that is why we have adopted real-
life figures obtained from scientific studies (Holzfeind 
et al. 2018, Varch et al. 2021). Our estimates were con-
firmed by a recent study by Hoenigsberger et al. 
(2024). Furthermore, they are consistent with the find-
ings of other studies on yarding (Ghaffariyan et al. 
2018, Spinelli et al. 2022) and forwarding (Manner et 
al. 2020, Nordfjell et al. 2003, Pandur et al. 2019).

The main merit of this study is to point at the pri-
mary source of inefficiency in yarding and forwarding, 
which is unexpected. Cable yarding was expected to 
be more energy-efficient than forwarding because of 
its higher payload-to-tare ratio, estimated at 1.7 versus 
0.5 for the forwarder. Both those assumptions turned 
out to be true, that is cable yarding offers higher ener-
gy-efficiency and better payload-to-tare ratio. How-
ever, the two are not as closely related as one would 
think, as the study also indicated that the better pay-
load-to-tare ratio was not the main reason for the 
higher efficiency of the cable yarder. In fact, the main 
advantage of the cable yarder was the shorter travel 
path during loading, performed according to a more 
linear loading procedure, which consisted in pulling 
the load under the carriage and lifting it off, rather 
than lifting the boom and the payload above the bol-
sters, then bringing them down to the loading bay, and 
up and down again to reach the next load on the 
ground, with the heavy cantilever boom continuously 
in motion. Such complex and iterative mechanical task 
incurs significant energy consumption and is the pri-
mary cause for the lower energy efficiency of forward-
er extraction. Like a forwarder, a yarder carriage is 
designed to move a load on wheels, thus turning slid-
ing friction into rolling friction, to the benefit of high-
er efficiency. However, the yarder carriage is turned 
upside down, because it is running along a skyline and 
suspended under it, rather than over a trail. That 
makes loading simpler and much more efficient. All 
the above does not deny the importance of tare weight, 

but just points to the fact that its effect concerns envi-
ronmental efficiency (e.g. soil impacts) more than en-
ergy efficiency (Pandur et al. 2022).

A promising and increasingly popular approach to 
increase energy efficiency is hybridization and electri-
fication. This is due to the generally high efficiency of 
electric components, the possibility of energy recovery 
and the decoupling of the engine from the transmis-
sion, which leads to substantial engine downscaling 
potential (Leitner et al. 2023). Cable extraction can ben-
efit greatly from yarder electrification, as has been 
confirmed by Cadei et al. (2021), who examined the 
hybrid yarder K507e-H developed by Koller Forsttech-
nik. In an electrified yarder, all active work phases 
(such as outhauling, lateral yarding, payload suspen-
sion and inhauling) can run more efficiently with 
modern rotary electric drives. In addition, standstill 
phases require no energy at all. The situation appears 
not quite as promising for forwarder extraction. The 
energy-hungry loading and unloading process em-
ploys linear drives (hydraulic cylinders), which cannot 
be easily electrified in a robust and cost-effective way. 
Energy recycling hydraulic lift cylinders could possi-
bly be employed to recover and recycle part of the 
energy when lowering the boom directly within the 
hydraulic circuit, with the potential of up to 11.4% in 
energy savings (Manner et al. 2016). Forwarder trac-
tion and the winch could be fully electrified with mod-
ern rotary electric drives, but based on the results of 
this study, this would only have a marginal effect on 
overall energy consumption. It would be necessary to 
fully electrify all forwarder functions to try and offset 
the handicap of high consumption incurred by boom 
loading and unloading.

While traction-assisted forwarders are less energy-
efficient than cable yarders, they offer better conve-
nience of adapting an existing technology, compared 
with replacing it with a different one. Ground-based 
technology is prevalent almost everywhere in the 
world, and when it comes to tackling steep terrain, it 
is easier to expand the capacity of the existing technol-
ogy than shift to a new one, which would require new 
investments in equipment and workforce training. 
With an additional investment in the range of 100,000 
€, forwarder owners can equip their machines for 
steep terrain, with minimum requirements for drivers’ 
retraining. In contrast, changing to a cable yarder will 
require at least three times the same investment, and 
a much intensive training effort. In fact, operator train-
ing is the main issue; even on the most challenging 
terrain, cable yarding can be competitive only if it is 
managed by skilled workers, able to properly identify 
the most suitable corridors, to quickly set up the yard-
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er and to run it smoothly (Aalmo-Ottaviani and Talbot 
2014). The availability of specialist operators makes all 
the difference; if that is secured, then yarding becomes 
a tough competitor. Therefore, while it makes sense 
for ground-based operators to expand the capacity of 
their fleet by adopting traction-assisted technology, it 
makes much less sense for the specialized yarder op-
erators to swap their cable yarders for traction-assisted 
forwarders.

This study also highlights the importance of time 
and motion studies, which are an effective solution for 
estimating the incidence of different work tasks on 
total cycle time (Spinelli et al. 2013). Since energy con-
sumption is closely associated with task type, an ac-
curate assessment of task duration is crucial for achiev-
ing a correct estimate of energy use. Time studies are 
used most often for estimating productivity (Košir et 
al. 2015), but that is probably not what they are best at, 
since productivity can be estimated as reliably in many 
other ways. In contrast, they are ideally suited for de-
termining cycle time distribution, and that can be a 
very valuable service.

Of course, the comparison presented in this paper 
reflects specific work conditions, which may strongly 
affect the results. This study considered uphill extrac-
tion only, since solid input data were specifically avail-
able for that case. It would be very useful to repeat the 
exercise for downhill extraction, possibly including an 
option for electrification and energy recuperation. 
That whould offer significant benefits especially with 
downhill extraction, when the extracted loads release 
potential energy.

5. Conclusions
This study provides the first theoretical analysis 

and even comparison of the fuel consumption of cable 
yarding and traction-assisted forwarding for a range of 
different transport conditions in uphill extraction. It 
also provides insights into the consumption of indi-
vidual work phases of both extraction systems. Cable 
yarding was shown to consume on average 69% less 
fuel under the same conditions. Standstill and low 
power operations are responsible for a significant por-
tion of the fuel consumption in cable yarding, which is 
explained by the comparably long duration of these 
phases (tl + tr) compared to a brief high-power inhaul-
ing phase, especially when the extraction distance (D) 
is small. Since the energy consumption for inhauling is 
modeled as the change of potential energy of all mass-
es involved and not as a function of inhauling time or 
speed, this result presents itself implicitly. In forward-
er operations, the loading and unloading process is a 

significant energy sink. Cable yarding appears to offer 
more potential to boost the operational efficiency, es-
pecially by increasing its payload and via hybridizing 
or electrifying its drivetrain. Future work will focus on 
extending this work to downhill extraction and electri-
fied yarders and forwarders. The results of this study 
can be used by practitioners to develop best practice 
guidelines for steep terrain operations, and by machine 
manufacturers to design better and more efficient for-
warders and cable yarders.
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